We present the deepest optical images of the COSMOS field based on a joint dataset taken with Hyper Suprime-Cam (HSC) by the HSC Subaru Strategic Program (SSP) team and the University of Hawaii (UH). The COSMOS field is one of the key extragalactic fields with a wealth of deep, multi-wavelength data. However, the current optical data are not sufficiently deep to match with, e.g., the UltraVista data in the near-infrared. The SSP team and UH have joined forces to produce very deep optical images of the COSMOS field by combining data from both teams. The coadd images reach depths of g = 27.8, r = 27.7, i = 27.6, z = 26.8, and y = 26.2 mag at 5σ for point sources based on flux uncertainties quoted by the pipeline and they cover essentially the entire COSMOS 2 square degree field. The seeing is between 0.6 and 0.9 arcsec on the coadds. We perform several quality checks and confirm that the data are of science quality; ∼ 2% photometry and 30 mas astrometry. This accuracy is identical to
Introduction
Over the last decade, our understanding of the evolution of galaxies, supermassive black holes and their location within large-scale structures out to high redshift (z ∼ 6) has vastly improved with the advent of both wide and deep multi-wavelength surveys (e.g., COSMOS, VVDS, AEGIS). As an example, the HST COSMOS survey has measured the changes in the structural properties of galaxies as a function of their environment Capak et al. 2007; Tasca et al. 2009; Scoville et al. 2013) . This survey has stimulated a great deal of observations in other wavelengths. X-ray observations with Chandra (Elvis et al. 2009; Civano et al. 2016 ) and XMM-Newton (Hasinger et al. 2007 ) have identified rapidly growing supermassive black holes and have elucidated the role of mergers in triggering nuclear activity (Cisternas et al. 2011; Silverman et al. 2011) . Spitzer (Sanders et al. 2007 ) and Herschel (Lutz et al. 2011 ) observations have provided a robust measure of the stellar mass content out to z ∼ 6 and unveiled star formation obscured at shorter wavelengths out to z ∼ 4. The COSMOS field now contains close to one million galaxies with photometric redshifts (Laigle et al. 2016 ) and ∼ 40000 objects with spectroscopic redshifts (Lilly et al. 2007; Trump et al. 2007; Lilly et al. 2009; Silverman et al. 2015) . As a result, the COSMOS field is likely to be an important reference for future wide field surveys from both the ground (LSST; Ivezic et al. 2008 ) and space (Euclid; Laureijs et al. 2011, WFIRST; Spergel et al. 2015) .
The backbone of any such survey is deep optical imaging from the ground. With respect to the COSMOS survey, the Subaru Telescope with Suprime-Cam (Miyazaki et al. 2002) has provided broad, medium, and narrow band imaging reaching faint magnitudes across the full area (Taniguchi et al. 2007; Taniguchi et al. 2015) . Subaru provides quality imaging across a wide field-of-view by placing its imager at primefocus, while maintaining high stability thus resulting in an optimal PSF across the field. However, even with Suprime-Cam, the observations of COSMOS required a mosaic of 9 pointings to cover the entire field and that introduced inhomogeneities in the data set.
Subaru's next generation optical camera, namely HyperSuprime-Cam (HSC; Miyazaki et al. 2017; Komiyama et al. 2017) , has been built and commissioned, and is now operating at full capability. HSC has 104 Hamamatsu red-sensitive science CCDs that simultaneously image 1.77 square degrees of the sky. Both broad (grizy) and narrow band filters are available (Kawanomoto et al. 2017) and data are processed with the onsite reduction system for real-time quality assurance (Furusawa et al. 2017) . With this new imaging capability, there is an intense effort to image large regions on the sky. In particular, the HSC team has a 3-layered Subaru Strategic Program (SSP; Aihara et al. 2017a; Aihara et al. 2017b ) with a total allocation of 300 nights. The Wide layer is designed to image 1400 square degrees in all five broad bands, with a 5 σ pointsource depth of r ≈ 26. Mostly within the Wide area footprint, there is a Deep layer covering approximately 26 square degrees and an UltraDeep layer of about 3.5 square degrees that includes COSMOS and SXDS. Independently from the SSP, the University of Hawaii (UH) is carrying out a 100 squaredegree survey of the North Ecliptic Pole called HEROES (PI G. Hasinger) .
The COSMOS field is of much interest to both communities (e.g., it is the primary photo-z calibration field for SSP; Tanaka et al. 2017) . It can now be imaged in one pointing with HSC, allowing us to significantly reduce the inhomogeneities in the current data, and there have been a lot of observations of COSMOS independently conducted by the SSP and UH teams. In this paper, we present to the broader community a combined data set that merges the HSC observations of COSMOS taken by the two teams. Our aim is to describe the observations and quality of the deep data set for the five broad filter bands (grizy). The images and catalogs can all be retrieved from the HSC-SSP data release site 1 . Unless otherwise stated, all magnitudes are reported in the AB magnitude system.
Data
We combine the HSC data collected by the SSP team and University of Hawaii (UH) up through the first half of 2015. The SSP team has observed COSMOS in both broad and narrowband filters, but only the broad-band data are included in the joint processing. The broad-band SSP data included here are the same as those used in the recent public data release 1 (PDR1; Aihara et al. 2017a ) and they were taken between 2014-03-25 and 2015-05-21. The UH observations were conducted between 2014-03-26 and 2015-01-20. The UH data do not include the r-band and hence the r-band images in the joint data set are identical to those in the PDR1. All of the raw data used in the processing are publicly available through SMOKA 2 .
The data are processed with hscPipe (Bosch et al. 2017 ), a version of the LSST stack (Ivezic et al. 2008; Axelrod et al. 2010; Jurić et al. 2015) , and the astrometry and photometry are calibrated against the PanSTARRS1 (PS1) PV2 catalog (Schlafly et al. 2012; Tonry et al. 2012; Magnier et al. 2013) . We use the same version of the pipeline (v4.0.2) with exactly the same setup as used in the first data release (DR1), and thus we inherit all the issues in DR1 in this joint data products. Refer to Aihara et al. (2017a) and data release site for the list of known issues. The data processing is described in Aihara et al. (2017a) and algorithmic details are given in Bosch et al. (2017) . We only give a brief overview of the processing here.
We first detrend CCD characteristics by subtracting bias and applying dome flats. Fringes are subtracted only from the yband data as the other bands do not show fringes. We then subtract the sky and detect sources in each CCD in order to calibrate the astrometry and photometry. As we have dithered around the COSMOS field, the same objects are observed in different CCDs in different visits (i.e., exposures). We apply the joint calibration to refine the astrometry and photometry using multiple visits. This calibration is done for each tract, which is a 1.7×1.7 degree pre-defined, iso-latitude tile. A tract is divided into 9×9 patches, each of which is 4,200×4,200 pixels, in order to parallelize the processing. Coaddition of individual visits is done for each patch, and objects are detected and measured again to generate the final source catalog in each coadd.
We show in Fig. 1 approximate exposure maps for each filter. For simplicity, we approximate the HSC field of view as circular width of 1.5 deg diameter and we ignore subtleties such as CCD gaps. We apply only a small dither in SSP and the resulting footprint is close to circular as shown in the r-band plot, which just has the SSP data. In the giz bands, the UH data cover a wider region than the SSP data. This introduces inhomogeneities in the exposure map, but the data inside the COSMOS field are fairly uniform. On the other hand, the y-band from UH has a more similar coverage to SSP. As the r-band footprint is the smallest among the filters, this filter defines the full-color area in the joint dataset.
Quality Assurance
We perform several tests in order to evaluate the quality of the data mostly following the methodology in Aihara et al. (2017a) . We first start with seeing and depth map for each filter as an overview of the dataset. We then move on to perform external astrometric and photometric tests using the PS1 catalog. We also check internal photometric consistency using fluxes of bright stars measured in different ways, and photometric zeropoints using the location of the stellar sequence on color-color 2 http://smoka.nao.ac.jp/ diagrams.
Seeing and depth maps
As mentioned earlier, the pointing coordinates and dither patterns are different between HSC-SSP and UH, but the COSMOS field itself is covered well by both datasets. The images are deepest in the central tract 9813, which covers most of COSMOS. Typical integration times, seeing, and depths in this tract for each filter are summarized in Table 1 . The exposure times range between 1.5 and 9.5 hours and the red filters have longer integration times than the blue ones. The seeing is 0.6 to 0.9 arcsec. Note that the seeing is derived from Gaussianweighted second moments (Aihara et al. 2017a; Bosch et al. 2017 ). Fig. 2 shows the spatial distribution of the seeing in each filter. The g-and i-bands have some structure, while the other filters are fairly homogeneous. Thanks to the good seeing, we achieve depths of 26.2 mag in the y-band to 27.8 mag in the g-band 3 . Compared to DR1, the joint dataset is deeper by up to 0.4 mag. These are the deepest optical images of the COSMOS field available to date. Fig. 3 shows the spatial variation of the depths. The depth maps show similar structure to the seeing map because the depths are for point sources, but the spatial variations of the depths are fairly small within the COSMOS field, which is mostly covered in tract 9813.
Astrometric and Photometric quality
We turn our attention to the overall astrometric and photometric accuracy. We first compare astrometry against PS1. As we have used the PS1 catalog to calibrate our astrometry in individual CCDs in the pipeline processing (Aihara et al. 2017a; Bosch et al. 2017 ), this is not strictly an external comparison, but it is still useful to check the astrometry on the coadds.
The left panel of Fig. 4 shows the mean R.A. offset of stars brighter than 20th mag in the i-band between HSC and PS1. This is one of the astrometric quality measures and more plots are available at the data release site. The astrometry is good to 30 mas across the field and there is no clear spatial structure to the residuals. The offset in Dec. (not shown here) looks very similar. The right panel gives the mean positional offset between galaxies and stars. The bottom-left corner of the field shows a somewhat large (∼ 0.05 arcsec) offset. This could be due to the fact that the PS1 PV2 catalog is referenced to 2MASS and the proper motions are ignored. The recently released PV3 catalog (Berghea et al. 2016 ) may solve the problem. The mean statistics over the entire observed field for all the filters are summarized in Table 2 . Next, we make both external and internal tests for photometry. The left panel of Fig. 5 compares the i-band PSF photometry between HSC and PS1 for stars brighter than iP SF = 20. The scatter is typically 0.02 mag, representing the quadrature sum of uncertainties from both surveys. This scatter is not superb, but is good enough to enable many science goals. For internal consistency, we compare PSF mags and Kron mags for stars brighter than iP SF = 21.5. Because we are measuring the same objects with different techniques, we expect the difference to be small. We find the RMS scatter is about 0.01 mag, which indeed suggests good internal consistency. More plots can be Table 3 . Photometric quality. The first statistical column is the RMS of residuals of the PSF magnitudes for stars brighter than 20th mag. The last two columns are the RMS of the difference between the two stated magnitudes for stars brighter than 21.5 mag.
found online, and they all indicate reasonably good photometric accuracy. Table 3 summarizes the numbers for all the filters.
Finally, we test the spatial uniformity of the photometric zero-points across the field. We estimate an offset between the location of the observed stellar sequence and that of the synthetic Gunn & Stryker (1983) stellar sequence on a colorcolor diagram. As in the previous tests, we use only bright stars (iP SF < 21.5) to ensure that statistical uncertainties do not dominate the error budget. An offset in the stellar sequence is degenerate between the two colors chosen, and we make an assumption that the offset is entirely in the y-direction. We ap- ply corrections for the Galactic extinction, but not all the stars are behind the Milky Way's dust screen, which may introduce an additional offset and scatter. Fig. 6 shows the spatial variation of the zero-point for one combination of colors. Note that, in order to enhance the spatial inhomogeneities, we remove the global offset, which can be due to inaccuracies in our system response functions, the Gunn & Stryker (1983) spectra, Galactic extinction correction, etc. The figure suggests that the zeropoint is fairly uniform across the field at a 1% level. The scatter shown in the right panel is about 3%, but this is due to three filters and if we divide by √ 3, it is about 2% in each filter. To summarize, our photometry is accurate to about 1-2% over the entire COSMOS field. This should be good enough for many extragalactic science cases, especially for exploration of faint galaxies in the distant Universe in this unique extragalactic field.
Summary and Data Access
We have presented the joint COSMOS dataset taken by the SSP and UH teams. We reach ∼ 27.5 mag at 5σ for point sources with good image quality of 0.6-0.9 arcsec. The astrometry is accurate to 30 mas and photometry to ∼ 2%. These are the deepest COSMOS images available in the optical wavelengths and will be extremely useful to explore, e.g., the high-z Universe with unprecedented statistics. The COSMOS field is one of the UltraDeep fields of the SSP survey and the SSP team is collecting more data there. We will eventually reach ∼ 1 mag deeper.
The joint dataset is served at the SSP data release site (https://hsc-release.mtk.nao.ac.jp) and both the catalog and image products can be easily retrieved via database or direct download. Our database offers the easiest way to retrieve the catalog data. Users are referred to Aihara et al. (2017a) and online manual such as schema browser about the database tables. As described in Bosch et al. (2017) , each measurement algorithm comes with a flag to indicate measurement success/failure. Also, objects in the overlapping regions between the adjacent patches and tracts are duplicated in the database as they are multiply detected and measured by the pipeline. Users should apply flag cuts in order to select objects with clean photometry and to remove the duplicates. A suggested set of flags is given in Aihara et al. (2017a) .
Both coadd and individual CCD images are available for direct download. There is an online search tool, which allows users to specify a sky region, filter, and data products to download. There is also an image cutout tool, which accepts user upload to generate postage stamps of many objects. The online image browser, hscMap, will be the most useful tool for quick browsing of the images. See the online manual for all these tools.
All of the image products from the pipeline are in the fits format and have science, mask, and variance images in separate HDUs. The meanings of the mask bits are explained in the header. The coadd images are likely the most interesting data products to the community and they are available for each patch. In order to generate a tract-wide image, we offer a script to combine the patch images. The coadds have a homogenized photometric zero-point of 27.0 mag/ADU, but aperture corrections need to be applied in order to obtain accurate fluxes of objects. See Bosch et al. (2017) for details.
We would like to ask users to acknowledge the SSP and UH teams when using this joint dataset in publications. We also encourage users to reference relevant technical papers from HSC-SSP as well as this paper. The suggested acknowledgment text and a list of the technical papers can be found at the data release site. 
